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(54) Semiconductor crystal, fabrication method thereof, and semiconductor device 



(57) A Sit.xGex/Si^yCy short-period superlattice 
which functions as a single SiGeC layer is formed by 
alternately growing Si^Ge* layers (0 < x < 1) and Si v 
y C y layers (0 < y < 1) each having a thickness corre- 
sponding to several atomic layers which is small enough 
to prevent discrete quantization levels from being gener- 
ated. This provides a SiGeC mixed crystal which is free 
from Ge-C bonds and has good crystalline quality and 
thermal stability. The Si^Gex/Si^yCy short-period 
superlattice is fabricated by a method in which Si^Ge* 
layers and Sij.yCy layers are epitaxially grown alter- 
nately, or a method in which a Si/Si^Ge* short-period 
superlattice is first formed and then C ions are 
implanted into the superlattice followed by annealing for 
allowing implanted C ions to migrate to Si layers. 
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Description 

BACKGROUND OF THE INVENTION 

[0001 J The present invention relates to a group IV 
element mixed crystal semiconductor, a fabrication 
method thereof, and a semiconductor device using such 
a mixed crystal semiconductor. 
[0002] In recent years, attempts have been made to 
fabricate a semiconductor device utilizing heterojunc- 
tion on a Si substrate for realizing a semiconductor 
device capable of operating at a higher speed than a 
conventional homojunction Si device. As materials for 
formation of heterojunction with Si, SiGe and SiGeC are 
expected promising, which are mixed crystal semicon- 
ductors including Ge and C, elements of the same 
group IV as Si. 

[0003J 1" particular, a SiGeC ternary mixed crystal 
semiconductor has attracted considerable attention 
because the band gap and lattice constant thereof can 
be controlled independently by changing the mole frac- 
tion of the three elements, providing high degree of free- 
dom in device design and allowing for lattice match with 
Si. For example, as disclosed in Japanese Laid-Open 
Patent Publication No. 10-116919, it is considered pos- 
sible to realize a field effect transistor capable of operat- 
ing at a higher speed than a conventional Si device by 
utilizing conduction band discontinuity formed at a het- 
ero-interface between a Si layer and a SiGeC layer to 
use two-dimensional electron gas generated at the 
interface as a carrier. 

[0004] Presently, a SiGeC mixed crystal is prepared 
by a method in which C source gas is introduced during 
epitaxial growth of a SiGe layer, or a method in which C 
ions are implanted into a SiGe layer. 
[0005] However, as described in Applied Physics 
Letters, Vol. 65 (1994) p. 2559, for example, the incor- 
poration of carbon into a SiGe layer has its limitation. It 
is known that the SiGe layer markedly degrades in crys- 
talline quality and becomes amorphous when about 4% 
or more of C atoms is introduced into the SiGe layer. 
Moreover, according to experiments carried out by the 
present inventors, a SiGeC layer degrades in crystalline 
quality when it is annealed at certain temperatures. In 
particular, it has been observed that the degradation in 
crystalline quality tends to become more significant as 
the C concentration increases. 

[0006] Figure 8 is a view of data obtained from the 
experiments carried out by the present inventors, show- 
ing a change in X-ray diffraction spectra of samples of a 
SiGe 0 31 C 0 .ooi2 crystal layer annealed at various tem- 
peratures. As is observed from this figure, the positions 
of the diffraction peaks of the samples annealed at tem- 
peratures of 800° C or lower are hardly different from 
that of the as-grown sample. However, the position of 
the diffraction peak of the sample annealed at 900° C 
exhibits a little shift from that of the as-grown sample, 
and as the annealing temperature is increased to 950° 



C or higher, the position of the diffraction peak of the 
annealed sample starts shifting widely from that of the 
as-grown sample. Moreover, for the samples annealed 
at temperatures of 1000° C or higher, while the half- 

5 width at the peak increases, fringes observed in the dif- 
fraction spectrum of the as-grown sample almost disap- 
pear. Thus, according to the illustrated experiment data, 
K is found that the SiGeo. 31 C 0 .ooi2 crystal layer 
degrades in crystalline quality when it is annealed at 

10 about 950° C or higher. 

[0007] The present inventors have further carried 
out experiments to investigate the cause of the degra- 
dation in the crystalline quality of the SiGeC crystal 
layer, and found that the degradation of the SiGeC crys- 

75 tal layer by annealing is mainly because Ge-C bonds in 
the mixed crystal is markedly unstable compared with 
Si-C bonds. 

[0008] Figures 7(a) and 7(b) are views showing 
changes in X-ray diffraction spectra of samples of a 

20 Ge 0 98 C 0 0 2 crvstal ,aver 9 rown on a Ge substrate and a 
Sio.9sCo.o2 crystal layer grown on a Si substrate, 
respectively, annealed at various temperatures. The 
G e o.98Q).o2 crystal l aver was grown by implanting C 
ions into a Ge substrate followed by annealing, and the 

25 Sio.93Co.02 crystal layer was epitaxially grown on a Si 
substrate using Si and C source gases. 
[0009] As shown in Figure 7(a) where a Ge 0 98 C 0 .o2 
crystal layer was grown on a Ge substrate, the diffrac- 
tion peaks of the samples annealed at 475 to 550° C are 

30 observed at substantially the same positions, whereas 
no diffraction peaks are observed for the samples 
annealed at 450° C or lower. When the annealing tem- 
perature is 600° C or higher, the diffraction peak posi- 
tion of the Ge 0 .98Co.o2 crystal layer shifts. In particular, 

35 the peak disappears for the sample annealed at 700° C 
or higher. This indicates that the GeC crystal is sub- 
jected to some change when it is annealed at a temper- 
ature of 600° C or higher. More specifically, it indicates 
that Ge-C bonds are segregated. 

40 [0010] As shown in Figure 7(b) where a Sio.98Crj.02 
crystal layer was grown on a Si substrate, the diffraction 
peak is clearly observed for the Si 0 .98C 0 .o2 crystal layer 
annealed at a temperature up to 1000° C. 
[0011] In view of the above results. H is found that 

45 the instability of Ge-C bonds is a cause of the degrada- 
tion in the crystalline quality of the SiGeC crystal, indi- 
cating that suppressing formation of Ge-C bonds is a 
decisive factor for improving the crystalline quality. 

so SUMMARY OF THE INVENTION 

[0012] An object of the present invention is provid- 
ing a SiGeC mixed crystal with good crystalline quality 
and thermal stability, a fabrication method thereof, and a 
55 semiconductor device using such a SiGeC mixed crys- 
tal. This can be achieved by eliminating the cause of 
instability of a SiGeC layer, i.a, by forming a short- 
period superiattice layer which is free from Ge-C bonds 
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but nevertheless can be considered as a SiGeC crystal 
layer. 

[0013] The semiconductor crystal of the present 
invention comprises a Si^Gex/Si^yCy superlattice 
structure (0 < x,y < 1) including two or more periods of 5 
alternately grown Sii. x Ge x layers containing Si and Ge 
as major components and Si t .yCy layers containing Si 
and C as major components, wherein the Si^Gex/Si^ 
y Cy superlattice structure functions as a single SiGeC 
layer. 10 
[0014] . The above Si^Gex/Si^yCy superlattice 
structure can function as a single SiGeC layer with Ge- 
C bonds hardly contained therein. As a result, a semi- 
conductor crystal which can maintain good crystalline 
quality stably even when subjected to annealing and still 15 
has the same function as a SiGeC layer is obtained. 
[0015] The thickness of each of the Si^Ge* layers 
and the Si^yCy layers in the Si^Ge/Si^yCy superlat- 
tice is smaller than the thickness which allows discrete 
quantization levels to be generated. This ensures to 20 
obtain the Si^G^x'S'i-yCy short-period superlattice 
which functions as a single SiGeC layer. 
[0016] The semiconductor device of the present 
invention comprises: a substrate; a first semiconductor 
layer containing at least Si. formed on the substrate; 25 
and a second semiconductor layer formed in contact 
with the first semiconductor layer for functioning as a 
SiGeC layer, wherein the second semiconductor layer 
has a structure including two or more periods of alter- 
nately grown Si t . x Ge x layers (0 < x < 1) containing Si 30 
and Ge as major components and S\^ y C v layers (0 < y 
< 1) containing Si and C as major components. 
[0017] By the above construction, heteroj unction 
such as Si/SiGeC can be formed between the first and 
second semiconductor layers. Utilizing this heteroj unc- 35 
tion, an advanced semiconductor device, e.g., a field 
effect transistor which functions as a high electron 
mobility transistor (HEMT), can be provided. 
[0018] The thickness of each of the Si^Gex layers 
and the Sh.yCy layers is preferably smaller than the 40 
thickness which allows discrete quantization levels to be 
generated. 

[0019] The first fabrication method of a semicon- 
ductor crystal of the present invention comprises 
repeating epitaxial growth of a Si^Ge* layer (0 < x < 1) 45 
containing Si and Ge as major components and epitax- 
ial growth of a Si^yCy layer (0 < y < 1) containing Si and 
C as major components alternately by two or more 
times, to form a Si^Gex/Sh-yCy short-period superlat- 
tice which functions as a single SiGeC layer. so 
[0020] By the above method, the semiconductor 
crystal described above can be easily fabricated. 
[0021] The second fabrication method of a semi- 
conductor crystal of the present invention comprises the 
steps of: (a) repeating epitaxial growth of a Si^Ge* 55 
layer (0 < x < 1) containing Si and Ge as major compo- 
nents and epitaxial growth of a Si layer containing Si as 
a major component alternately by two or more times, to 



form a Si^Gex/Si multilayer structure; (b) implanting C 
ions into the Si^Ge/Si multilayer structure; and (c) 
annealing the C-implanted Si^G^x/Si multilayer struc- 
ture, to form a Si^Gex/Si^yCy multilayer structure (0 < 
y<1). 

[0022] According to the above method, the phe- 
nomenon of migration of C atoms to the Si layers 
caused by segregation of Ge-C bonds during the 
annealing is utilized. Also, the substrate surface can be 
kept clean since no source gas for C doping is required 
during epitaxial growth of the layers. Thus, a Si^ 
xGex/Si^yCy multilayer structure which can be used for 
a variety of applications is obtained. 
[0023] In the step (a), the Si^Gex layers and the Si 
layers may be formed so that the Si 10( Gex layers and 
Sii.yCy layers of the resultant Si 1 . x Gex / Sii-yC y multi- 
layer structure have a thickness large enough to allow 
discrete quantization levels to be generated. In this 
case, a Si^xGex^h-yCy multilayer structure which func- 
tions as a multiquantum barrier (MQB) or the like useful 
for construction of a quantum device is obtained. 
[0024] Alternatively, in the step (a), the Si^Ge* lay- 
ers and the Si layers may be formed so that the Si^Gex 
layers and Si^yCy layers of the resultant Si^Gex/Si^ 
y C y multilayer structure have a thickness smaller than 
the thickness which allows discrete quantization levels 
to be generated. In this case, a SivxGtex'S'i-yCy multi- 
layer structure which functions as a single SiGeC layer 
useful for construction of a heterojunction semiconduc- 
tor device is obtained. 

[0025] In the above fabrication method, the anneal- 
ing temperature in the step (c) is preferably higher than 
700° C. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0026] 

Figures 1(a) and 1(b) are views schematically illus- 
trating the macroscopic multilayer structure of a S\y. 
xGex/Si^yCy short-period superlattice of EMBODI- 
MENT 1 and the microscopic multilayer structure of 
the short-period superlattice, respectively. 
Figure 2 is a view showing a change in an energy 
band structure observed when the thickness of well 
layersfoarrier layers of a multilayer structure is 
changed. 

Figures 3(a) and 3(b) are cross-sectional views 
illustrating fabrication steps of a SH.xGex/Sh.yCy 
multilayer structure of EMBODIMENT 2. 
Figures 4(a). 4(b). and 4(c) are views showing the 
concentration distributions of Ge atoms and C 
atoms in a superlattice before and after annealing, 
the distribution of C atoms in the superlattice imme- 
diately after C ion implantation, and the distribution 
of C atoms in the superlattice after annealing. 
Figure 5 is a view showing the concentration distri- 
butions of C atoms in the superlattice fabricated by 
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the steps shown in Figures 3(a) and 3(b) observed 
when annealed at different temperatures. 
Figure 6 is a cross-sectional view of a heterojunc- 
tion field effect transistor (HMOSFET) of EMBODI- 
MENT 3 which is a semiconductor device including 5 
a short-period superlattice. 
Figures 7(a) and 7(b) are views showing changes 
in X-ray diffraction spectra of samples of a 
Ge 0 98 C 0 .o2 crystal layer grown on a Ge substrate 

and a Sio.9sCo.02 crvstal ,aver 9 rown on a Si sub_ 10 
strate, respectively, annealed at various tempera- 
tures. 

Figure 8 is a view showing a change in X-ray dif- 
fraction spectra of samples of a SiGeo.31Co.0012 
crystal layer annealed at various temperatures. is 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[0027] Hereinafter, preferred embodiments of the 20 
present invention will be described with reference to the 
accompanying drawings. 

EMBODIMENT 1 

25 

[0028] Figures 1(a) and 1(b) are views schemati- 
cally illustrating a macroscopic multilayer structure of a 
SiGeC mixed crystal (a Si^Gex/Sh.yCy short-period 
superlattice (0 < x,y < 1)) of EMBODIMENT 1, and a 
microscopic multilayer structure, (atomic configuration) 30 
of the short-period superlattice, respectively. 
[0029] As shown in Figure 1(a), the SiGeC mixed 
crystal of this embodiment includes 200 periods of 
Sio.68Geo.32 layers 102 and Si 0 . 9 8C 0 .04 layers 103 alter- 
nately grown on a Si substrate 101. As shown in Figure 35 
1 (b), each of the layers 102 and 103 is essentially com- 
posed of three atomic layers. 

[0030] The SiGeC mixed crystal is fabricated in the 
following manner. The Si 0 . 6 8 Ge o.32 ,aver 102 and the 

Sio.98 c o.04 laver 103 » eacn of tne three atomic ,aver 40 
structure, are epitaxially grown on the Si (001) substrate 
101 by ultra high vacuum chemical vapor deposition 
(UHV-CVD). This growth is repeated for 200 times, so 
that the entire thickness of the SiGeC mixed crystal is 
about 160 nm. As Si, Ge, and C source gases, Si 2 H 6 . 45 
GeH 4 , and SiHjCK^, respectively, are used. The growth 
temperature is about 550° C. 

[0031] AHhough the actual atomic configuration of 
the resultant short-period superlattice constitutes a dia- 
mond structure, the atomic layers are shown in a sc 
tetragonal shape in Figure 1 (b) for easier understanding 
of the concept of the invention. As illustrated, Ge atoms 
and C atoms never exist in a common layer, so that Ge- 
C bonds are hardly formed. Nevertheless, the resultant 
short-period superlattice functions as one SiGeC mixed 5i 
crystal, as will be described hereinbelow. 
[0032] Figure 2 is a view showing a change in an 
energy band structure observed when the thickness of 



well layers/barrier layers of a multilayer structure is 
changed (shown in Fig. 18 of C. Weisbuch, Semicon- 
ductor and Semimetals. Vol. 24, Academic Press, Inc., 
p. 29. Vol. Ed. Raymond Dingle). The X-axis represents 
the thickness (nm) of well layers/barrier layers, and the 
Y-axis represents a potential energy (eV). As is 
observed from Figure 2, while discrete quantization lev- 
els are formed when the thickness of the well layers/bar- 
rier layers is about 10 nm, such discrete quantization 
levels are lost forming one bulk band when the thick- 
ness is reduced to about 1 .5 nm or less. In other words, 
with the quantization effect being lost, carriers recog- 
nize the entire short-period superlattice as one layer 
and act accordingly. Likewise, in the short-period super- 
lattice shown in Figures 1(a) and 1(b), when the thick- 
ness of each layer is about 1.0 nm or less, discrete 
quantization levels are lost to allow the entire superlat- 
tice to function as a single SiGeC layer. 
[0033] The average thickness of each layer of the 
Si^Ge/Si^yCy short-period superlattice (0 < x.y < 1) 
of this embodiment is about 0.8 nm. Therefore, the 
superlattice of this embodiment can function as a 
SiGeC layer while securing the stability of the crystalline 
quality obtained from the fact that Ge-C bonds are 
hardly formed. 

[0034] Thus, based on the f inding that a disadvan- 
tage of the conventional SiGeC layer is caused by insta- 
bility of Ge-C bonds, the fabrication method of this 
embodiment provides a Si^Ge^/Si^yCy short-period 
superlattice which is free from Ge-C bonds but never- 
theless can function as a SiGeC layer. 

EMBODIMENT 2 

[0035] In this embodiment, a fabrication method of 
a Si^Gex/SivyCy multilayer structure (0 < x,y < 1), 
which can be used for formation of a Si^Gex/Si^yCy 
short-period superlattice, will be described. In this 
method, C ions are implanted into a Si/Si^Ge* multi- 
layer film and the resultant multilayer film is annealed. 
Figures 3(a) and 3(b) are cross-sectional views illustrat- 
ing steps of fabricating the Si^Gex/Si^yCy multilayer 
structure. 

[0036] At the step shown in Figure 3(a), Si layers 

105 having a thickness of 10 nm and Si 0 8 Geo 2 layers 

106 having a thickness of 10 nm are epitaxially grown 
on a Si (001) substrate 1 01 alternately by UHV-CVD, to 
obtain a Si/Si 0 .8 Ge o.2 superlattice of a total of 10 peri- 
ods. 

[0037] Subsequently, at the step shown in Figure 
3(b), C ions are implanted into the superlattice under 
the conditions of an accelerating energy of about 45 
KeV and a dose amount of about 1 x 1 0 1 5 cm" 2 , followed 
by annealing at 950° C tor 15 seconds. 
[0038] Figures 4(a), 4(b), and 4(c) are views show- 
ing the concentration distributions of Ge atoms and C 
atoms in the superlattice before and after the annealing, 
the distribution of C atoms in the superlattice after the C 
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ion implantation, and the distribution of C atoms in the 
superlattice after the annealing. 
[0039] In Figure 4(a), the X-axis represents the 
depth in the superlattice, and the Y-axis represents the 
concentration. A curve Ger represents the concentra- s 
tion of Ge, a curve C imp i represents the concentration of 
C immediately after the ion implantation and before the 
annealing, and a curve C annoa represents the concen- 
tration of C after the annealing. As is indicated by the 
curve C imp |. before the annealing, C atoms are distrib- 10 
uted substantially uniformly at a concentration of about 
1 x 10 20 cm" 3 both in the Si layers 105 and the 
Si 0 8 Geo.2 layers 106. On the contrary, as is indicated by 
the curve C annoa . after the annealing, the C concentra- 
tion increases in the Si layers 105 while it decreases in 15 

the Si 0 .eGe 0 .2 ,avers 106 - This is because - as shown in 
Figures 4(b) and 4(c), the C atoms in the Si 0 .8Ge 0 .2 lav_ 
ers migrate to the adjacent Si layers during the anneal- 
ing. 

[0040] Thus, by implanting C ions into the 20 
Si/Si 0 8 Ge 0 2 superlattice and then annealing the result- 
ant superlattice, a Sh.yCy/Sio.eGeo.e su P er,attice can be 
obtained without the necessity of C ion doping during 
the epitaxial growth. 

[0041] Figure 5 is a view showing a difference 25 
between concentration distributions of C atoms 
obtained when the superlattice formed by the steps 
shown in Figures 3(a) and 3(b) is annealed at different 
annealing temperatures. In Figure 5, a curve ger repre- 
sents the concentration of Ge in the superlattice, a 3c 
curve C asll „ represents the concentration of C in the 
superlattice immediately after the ion implantation and 
before the annealing, a curve C 700 represents the con- 
centration of C in the superlattice annealed at 700° C, a 
curve C 950 represents the concentration of C in the a 
superlattice annealed at 950° C. and a curve C 100 o rep- 
resents the concentration of C in the superlattice 
annealed at 1000° C. The annealing time was 15 sec- 
onds for all cases. As is observed from Figure 5, while 
the migration of C atoms is not sufficient for the anneal- 4 
ing at 700° C, it is sufficient for the annealing at 950° C 
and 1000 0 C. Furthermore, the concentration distribu- 
tions obtained after the annealing at the latter two tem- 
peratures are almost the same. This indicates that a 
stable structure has been established at the SiC/SiGe < 
interfaces by the method of this embodiment. 
[0042] The fabrication method of this embodiment 
has the following advantage over the method of fabricat- 
ing a Sin-xGeySivyCy multilayer structure by alternating 
Si^xGex layers and Si^Cy layers by epitaxial growth. t 
[0043] In the case of alternating Si^Ge* layers and 
Si^yCy layers, a clean substrate surface may not always 
be obtained since a C source material may be left float- 
ing in a growth chamber after the growth of the Sii.yCy 
layers. On the other hand, in the case of implanting C t 
ions, it had conventionally been considered difficult to 
selectively dope only one of the two types of layers con- 
stituting a multilayer structure with carbon. According to 



the fabrication method of a Si^Gex/Si^Cy multilayer 
structure of this embodiment, a Si/Si^Gex multilayer 
structure is first formed. Then, C ions are implanted into 
the Si/Si^xGex multilayer structure, and the resultant 
5 structure is annealed to utilize the phenomenon that C 
atoms migrate to the Si layers during annealing. In this 
way, the Si^Gex/Si^yCy multilayer structure is 
obtained. 

[0044] Thus, based on the finding that a disadvan- 
10 tage of the conventional SiGeC layer is caused by insta- 
bility of Ge-C bonds, the fabrication method of this 
embodiment utilizes the migration of C atoms due to the 
instability of Ge-C bonds to form a Si^Gex/Si^yCy mul- 
tilayer structure. 
15 [0045] When the Si^Gex layers and the Si^yCy 
layers of the resultant Si^Gex/Si^yCy multilayer struc- 
ture have a thickness large enough to allow discrete 
quantization levels to be generated (e.g., the case of 
this embodiment), a Si i_ x G e^/Sl ^ y C y superlattice which 
20 can function as a multiquantum barrier (MQB) or the like 
is obtained. 

[0046] On the contrary, when the Si^^x layers 
and the Si,. y C y layers of the Si^Gex/Si^Cy multilayer 
structure have a thickness smaller than the thickness 
25 which allows discrete quantization levels to be gener- 
ated, a Si^xGex/Si^yCy short-period superlattice which 
can function as a single SiGeC layer, as in EMBODI- 
MENT 1 described above, is obtained. The reason is as 
follows. 

30 [0047] It has been confirmed qualitatively that the 
phenomenon of migration of C atoms described in this 
embodiment also occurs for Si layers and Si 0 .8 Ge o.2 ,av " 
ers both having a thickness of 1 nm or less. The migra- 
tion of C atom has also been confirmed for any Ge 
35 content in the SiGe layers and any conditions of C ion 
implantation. 

[0048] Therefore, a Si 0 . 8 Ge a2 /SiC short-period 
superlattice which functions as one SiGeC layer can be 
obtained as in EMBODIMENT 1 by employing the fabri- 
40 cation method of this embodiment, that is. by f irst grow- 
ing Si layers and Si 1 . x Ge x layers each having a 
thickness of 1 .0 nm or less and then subjecting to C ion 
implantation and annealing. 

[0049] In the fabrication method of EMBODIMENT 
45 1 where the Si^C^x layers and the Si^yCy layers are 
alternately grown, a clean substrate surface may not 
always be obtained since a C source material may be 
left floating in a growth chamber after the growth of the 
Si^yCy layers as described above. On the contrary, in 
so this embodiment, the Si/Si^Gex superlattice is first 
formed, and then C ions are implanted into the SiASi-j. 
x Gex superlattice, followed by annealing to utilize the 
phenomenon of migration of C atoms to the Si layers 
during the annealing. In this way, a SivxGex/Si^yCy 
55 short-period superlattice which can function as a SiGeC 
layer can be fabricated easily and swiftly. 
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EMBODIMENT 3 

[0050] Figure 6 is a cross-sectional view of a heter- 
ojundion field effect transistor (HMOSFET) of EMBOD- 
IMENT 3. which is a semiconductor device including a 
short-period superlattice formed by the fabrication 
method described in EMBODIMENT 1 or 2. In this 
embodiment, an n-channel HMOSFET is described- It is 
needless to mention that this embodiment can also be 
applied to a p-channel HMOSFET. 
[0051] As shown in Figure 6, the HMOSFET of this 
embodiment includes: a Si substrate 111 ; a p-type well 
1 1 2 formed on the Si substrate 1 1 1 and made of Si with 
a high concentration of a p-type impurity contained 
therein; and an i-Si layer 113 formed on the p-type well 
112. A 6-doped layer 114 is formed in a region of the i- 
Si layer 113 located close to but apart a predetermined 
distance from the surface of the i-Si layer 1 1 3 by doping 
the region with a high concentration of an n-type impu- 
rity (e.g., arsenic). A SiGeC layer 116 essentially com- 
posed of a Si 0 .68 Ge o.32 /Si o.96 C o.04 short-period 
superlattice is formed on the i-Si layer 113. A Si cap 
layer 117 made of intrinsic Si is formed on the SiGeC 
layer 116, a gate insulating film 118 made of a silicon 
oxide film is formed on the Si cap layer 117, and a gate 
electrode 119 made of polysilicon is formed on the gate 
insulating film 118. A source region 120 and a drain 
region 121 are formed in regions extending through the 
i-Si layer 113, the SiGeC layer 116, and the Si cap layer 
117 by doping the regions with a high concentration of 
an n-type impurity (e.g., arsenic) by ion implantation 
using the gate electrode 1 19 as a mask. 
[0052] On the left side of Figure 6, as is viewed from 
the figure, is shown an energy level Ec at an end of the 
conduction band over the layers 113, 114, 116, and 117 
underlying the gate electrode of the HMOSFET of this 
embodiment. It is observed from this illustration that a 
so-called heterojunction barrier is formed by the band 
discontinuity existing between the SiGeC layer 116 
composed of a Si 0 .68 Ge o.32 /s 'o.96 c o.04 short-period 
superlattice and the i-Si layer 113 at the end of the con- 
duction band. Electrons are confined in a region of the 
SiGeC layer 116 adjacent to the Si/SiGeC heterojunc- 
tion barrier, forming an n-channel made of two-dimen- 
sional electron gas in this region, thus allowing 
electrons to run along this n-channel at high speed. 
[0053] In other words, in the HMOSFET of this 
embodiment, an n-channel 115 is formed along the 
Si/SiGeC heterojunction barrier to allow electrons to run 
along the n-channel 115 at high speed. Trie mobility of 
electrons is greater in the SiGeC layer than in the Si 
layer. Moreover, scattering of an ionized impurity is sup- 
pressed since no impurity doping is required for the for- 
mation of the n-channel. Thus, high-speed operation 
can be realized. Furthermore, since the SiGeC layer 
116 is composed of a Si 0 .6sG e o.32 /Si o.9e c o.04 short- 
period superlattice. alloy scattering can be suppressed 
in comparison with a bulk SiGeC mixed crystal. This fur- 



ther ensures realization of high-speed operation. 
[0054] The SiGeC layer 116 may be formed by 
either the method described in EMBODIMENT 1 in 
which a Si^Ge/Si^yCy short-period superlattice (0 < 

s x.y < 1) is formed by epitaxially growing Si^Ge* layers 
and Si^yCy layers alternately, or the method described 
in EMBODIMENT 2 in which a Si^xGej/Si^yCy short- 
period superlattice (0 < x,y < 1) is formed by first epitax- 
ially growing Si^Ge* layers and Si layers alternately to 

10 form a Si/Si^Gex short-period superlattice and then 
implanting C ions into the superlattice followed by 
annealing. 

[0055] It should be noted that Si-containing layers 
other than the Si layer in this embodiment, such as a 
is SiGe layer and a SiC layer, may also be used as the 
semiconductor layer for forming heterojunction with the 
SiGeC layer composed of a Si^Gex/Si^yCy short- 
period superlattice. 

[0056] K should also be noted that the function of 
20 the Si^xGex/Si^yCy short-period superlattice as a sin- 
gle SiGeC layer will not be lost even if the Si^Gex/Si^ 
y Cy short-period superlattice is doped with an n-type or 
p-type impurity. 

[0057] In the characteristics shown in Figure 2, 
25 minor generation of discrete quantization levels in the 
Sit^Ge^SivyCy short-period superlattice should be 
permitted as long as an energy range capable of func- 
tioning as a SiGeC layer as a whole is obtained. 
[0058] While the present invention has been 
30 described in a preferred embodiment, it will be apparent 
to those skilled in the art that the disclosed invention 
may be modified in numerous ways and may assume 
many embodiments other than that specifically set out 
and described above. Accordingly, it is intended by the 
35 appended claims to cover all modifications of the inven- 
tion which fall within the true spirit and scope of the 
invention. 

Claims 

40 

1 . A semiconductor crystal comprising a Sii. x Ge/Sii. 
yC y superlattice structure (0 < x,y < 1) Including two 
or more periods of alternately grown Si^Gex layers 
containing Si and Ge as major components and Si^ 
45 y C y layers containing Si and C as- major compo- 
nents, 

wherein the Si^Gex/Si^yCy superlattice 
structure functions as a single SiGeC layer. 

so 2. The semiconductor crystal of claim 1, wherein the 
thickness of each of the Si^Gex layers and the Sit. 
yC y layers is smaller than a thickness which allows 
discrete quantization levels to be generated. 

55 3. A semiconductor device comprising: 

a substrate; 

a first semiconductor layer containing at least 
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Si, formed on the substrate; and 
a second semiconductor layer formed in con- 
tact with the first semiconductor layer for func- 
tioning as a SiGeC layer, 

wherein the second semiconductor layer has a s 
structure including at least two or more periods 
of alternately grown Si^G^x layers (0 < x < 1) 
containing Si and Ge as major components 
and Si^yCy layers (0 < y < 1) containing Si and 
C as major components. to 

The semiconductor device of Claim 3, wherein the 
thickness of each of the Si^Gex layers and the Si t . 
y C y layers is smaller than a thickness which allows 
discrete quantization levels to be generated. is 

A fabrication method of a semiconductor crystal, 
comprising: 



9. The fabrication method of claim 6, wherein an 
annealing temperature in the step (c) is higher than 
700° C. 



repeating epitaxial growth of a Si ^ _ x Ge x layer (0 20 

< x < 1) containing Si and Ge as major compo- 
nents and epitaxial growth of a Si^yCy layer (0 

< y < 1) containing Si and C as major compo- 
nents alternately by two or more times, to form 

a Si^xGex/Sii.yCy short-period superlattice 25 
which functions as a single SiGeC layer. 



A fabrication method of a semiconductor crystal, 
comprising the steps of: 

1 30 

(a) repeating epitaxial growth of a Si^Gex 
layer (0 < x < 1) containing Si and Ge as major 
components and epitaxial growth of a Si layer 
containing Si as a major component alternately 

by two or more times, to form a Si 1 . x G e x'S i niul- 35 
tilayer structure; 

(b) implanting C ions into the Si^Gex/Si multi- 
layer structure; and 

40 

(c) annealing the C-implanted Si^Gex/Si mul- 
tilayer structure, to form a Si^Gex/Si^yCy mul- 
tilayer structure (0 < y < 1). 



The fabrication method of claim 6, wherein in the 45 
step (a), the Si^Ge* layers and the Si layers are 
formed so that the Si V x(3tex layers and Si^yCy lay- 
ers of the resultant Si 1 . x Ge x /Si 1 . y C y multilayer 
structure have a thickness large enough to allow 
discrete quantization levels to be generated. so 

The fabrication method of claim 6, wherein in the 
step (a), the Si 1 . x Ge x layers and the Si layers are 
formed so that the Si^xGex layers and Si n . y C y lay- 
ers of the resultant Si^Gex/Si^yCy multilayer 55 
structure have a thickness smaller than a thickness 
which allows discrete quantization levels to be gen- 
erated. 
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Fig. 2 
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Fig. 7(a) 
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(57) A SivxGSx/SM.yCy short-period superlattice 
which functions as a single SiGeC layer is formed by 
alternately growing Si^Ge* layers (0 < x < 1) and Sh_ 
y C y layers (0 < y < 1) each having a thickness corre- 
sponding to several atomic layers which is small enough 
to prevent discrete quantization levels from being gener- 
ated. This provides a SiGeC mixed crystal which is free 
from Ge-C bonds and has good crystalline quality and 
thermal stability. The Si^Gex/Si^Cy short-period 
superlattice is fabricated by a method in which Si^Ge* 
layers and Si^yCy layers are eprtaxially grown alter- 
nately, or a method in which a Si/Si^xGOx short-period 
superlattice is first formed and then C ions are 
implanted into the superlattice followed by annealing for 
allowing implanted C ions to migrate to Si layers. 
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